Motor learning depends upon plasticity in neural networks involved in the planning and execution of movement. Physical practice (PP) is the primary means of motor learning, but it can be augmented with nonphysical forms of practice including motor imagery (MI)-the mental rehearsal of movement. It is unknown if MI alone, without prior PP of a movement, can produce robust learning. Here the authors used an implicit sequence learning task to explore motor learning via MI alone or PP. Participants underwent implicit sequence learning training via MI (n ϭ 31) or PP (n ϭ 33). Posttraining reaction time was faster for implicit versus random sequences for both the MI group (M ϭ 583 Ϯ 84 ms; 632 Ϯ 86 ms, d ϭ 0.59) and PP group (M ϭ 532 Ϯ 73 ms; 589 Ϯ 70 ms, d ϭ 0.80), demonstrating that MI without PP facilitated skill acquisition. Relative to MI alone, PP led to reduced reaction time for both random (d ϭ 0.65) and implicit sequences (d ϭ 0.55) consistent with a nonspecific motor benefit favoring PP over MI. These results have broad implication for theories of MI and support the use of MI as a form of practice to acquire implicit motor skills.
Acquisition of a motor skill is associated with plasticity in sensorimotor systems resulting from repetitive practice coupled with feedback (Newell, 1991) . Although physical practice (PP) is recognized as the primary approach to skill acquisition, motor imagery (MI), the mental rehearsal of a motor task (Jeannerod, 1995) , has been demonstrated a useful adjunct to facilitate skill acquisition in numerous disciplines (Moran, Guillot, MacIntyre, & Collet, 2012; Wulf, Shea, & Lewthwaite, 2010) . The basis for this effectiveness is that MI drives brain activation similar to that of PP, as evidenced by neuroimaging studies reporting that MI engages brain areas that largely overlap with those areas engaged in PP (Burianová et al., 2013; Hanakawa, Dimyan, & Hallett, 2008; Kraeutner, Gionfriddo, Bardouille, & Boe, 2014; de Lange, Roelofs, & Toni, 2008; Porro et al., 1996) . For example, Burianová and colleagues showed that during MI and PP of a simple fingermovement task, an overlap of activation was observed in premotor, supplementary motor, and parietal cortices, as well as the cerebellum (Burianová et al., 2013) . Further, in their scoping metaanalysis, Hétu et al. (2013) concluded that the brain network underlying MI included many regions that overlapped with actual physical execution.
Although neuroimaging investigations provide support for understanding why MI is an effective modality for skill acquisition, much of the rationale for the use of MI as an adjunct to PP in facilitating skill acquisition is derived from its application in sport and music (Brown & Palmer, 2013; Driskell, Copper, & Moran, 1994; Jones & Stuth, 1997; Moran et al., 2012; Schuster et al., 2011; Wulf et al., 2010) . Although MI has been shown to be most effective when paired with PP (Bovend'Eerdt, Dawes, Sackley, & Wade, 2012) , performance gains from MI-based practice independent of PP have also been shown (Jackson, Lafleur, Malouin, Richards, & Doyon, 2003; Malouin, Jackson, & Richards, 2013; Zhang et al., 2011) , indicating that MI is better than no practice and may be of benefit in situations when PP is not possible (Zhang et al., 2011) . Indeed, many injured athletes have previously used MI to aid the rehabilitation process and as a replacement to PP in situations where the athlete is physically unable to perform (Jones & Stuth, 1997) .
Owing to the concealed nature of MI, many tasks used in the MI literature do not include an objective measure of performance (e.g., a behavioral measure) that is quantifiable in nature. Specifically, MI performance is assessed using subjective self-report measures such as the Kinaesthetic and Visual Imagery Questionnaire (Malouin et al., 2007) or mental chronometry (Malouin, Richards, Durand, & Doyon, 2008) . Thus, to assess the effectiveness of MI for skill acquisition, it is critical to be able to assess MI performance via objective measures, independent of subjective, selfreport techniques.
The concealed nature of MI presents a further challenge to assessing its effectiveness for skill acquisition independent of PP.
Specifically, behavioral changes resulting from MI-based practice are typically determined based on differences between values derived via physical execution before and after the MI-based practice. Although permitting the assessment of MI performance via an objective measure, bookending MI-based practice with PP prevents isolating the impact of MI alone on skill acquisition. In addition, studies examining MI independent from PP typically include an initial bout of PP before the MI is performed (Jackson et al., 2003) . This ordering of PP before MI may be a prerequisite for MI-based learning in that the prior physical exposure to the skill to be learned generates the initial motor representation, which is subsequently reinforced via MI (Munzert & Zentgraf, 2009) . Thus, it is unknown if MI may simply be an elaboration of PP, reinforcing learning that has already occurred, or whether MI alone is sufficient to generate and update the motor representation necessary for skill acquisition to occur. Although previous studies have stated that MI can facilitate acquisition of a novel skill (Jackson et al., 2003; Wohldmann, Healy, & Bourn, 2007) , the resulting skill acquisition may have been influenced and in part driven by the prior physical exposure (Kraeutner et al., 2014) .
In addition, MI studies do not always control for muscle activity (Hétu et al., 2013) . Previous work investigating brain activation associated with MI demonstrated that different activation maps were generated when trials with and without muscle activity were included (Kraeutner et al., 2014) . Taken together, the resulting learning is influenced by prior physical exposure or driven in part by actual movement (Kraeutner et al., 2014) . Collectively, this evidence suggests we know little about the efficacy of MI alone for skill acquisition. Having a paradigm that captures performance outcomes independent of PP is key to investigating MI-based learning.
One approach to investigating MI-based learning independent of PP is through implicit sequence learning (ISL), a form of learning in which an individual repeatedly practices a seemingly random motor sequence in which a repeating sequence is embedded (Goschke & Bolte, 2012; Nissen & Bullemer, 1987) . Interestingly, RT decreases with practice for the repeating but not random sequences despite the fact that participants are not explicitly aware of the sequence that repeats. The ISL task is thus well-suited to studying MI without PP, because no PP of the sequence task is required prior to beginning MI training.
Previous work has used an MI-based sequence paradigm to demonstrate the efficacy of MI in skill acquisition (Wohldmann et al., 2007) . MI-based practice of novel four-digit sequences resulted in improved typing ability, with maintenance of this improvement at a 3-month follow-up. Participants were provided actual typing practice prior to the training however, and thus it remains unclear whether MI can be used to acquire a novel motor skill in the absence of PP. Moreover, it has yet to be demonstrated how effective MI-based practice is in comparison to PP.
The current study compares the efficacy of MI (with no associated PP) or PP (with no associated MI) in an ISL task. If MI leads to skill acquisition through elaboration of prior PP with the task, then it is possible that MI alone will not lead to ISL. However, if the sensorimotor systems engaged by MI can lead directly to motor learning, then some degree of ISL might occur even with no prior PP. Moreover, monitoring of muscle activity throughout MI-based practice will allow us to conclude that changes in performance were driven solely via MI. We hypothesize that MI will facilitate motor skill acquisition in the absence of PP as demonstrated by decreased RTs of the implicit compared to the random sequences. We further hypothesize that although effective, MI-based practice will be inferior to motor skill acquisition occurring via PP, evidenced by decreased RTs after physical compared to MI-based practice. Establishing that MI alone drives skill acquisition will provide support for the use of MI in facilitating the acquisition of motor skills in domains wherein PP is not possible, as well as providing further support for its use as an adjunct to PP.
Method Participants
Sixty-four right-handed participants (42 female, 22.1 Ϯ 5.3 years) from the university community volunteered and agreed to participate in the study. Participants were not provided with monetary compensation for their participation. Handedness was demonstrated by a score of Ն40 on the Edinburgh Handedness Inventory (Oldfield, 1971) . All were healthy and free of neurological disorder and provided written, informed consent. All participants self-reported to have normal hearing and verbally confirmed they understood the instructions prior to the study onset. The study received approval from the research ethics board of the Capital District Health Authority. Prior to the onset of the study, participants were randomly assigned into an MI practice or PP group.
Experimental Task
The experiment involved four blocks of training followed by a physical test and a verbal report test to determine the level of any skill acquisition. The training task was an ISL task involving button presses with the nondominant (left) hand. The nondominant hand was selected for use as this hand would typically be used less in fine motor tasks, thus making the task more challenging. All participants performed the task sitting at a chair in front of a computer screen positioned at eye-level, with both arms resting comfortably and the left hand placed on the keyboard. Participants were oriented to four keys (V, C, X, Z) numbered 1-4 from right to left, representing the index, middle, ring, and little finger, respectively. During the four blocks of training, participants in the MI group were instructed to close their eyes and imagine themselves performing the button presses that were cued auditorily. The auditory cues consisted of a male voice speaking the number of the key to be pressed/imagined to be pressed and were administered to the participants through noise-cancelling headphones simultaneously to both ears. If participants in the MI group pressed a button during the training blocks, an auditory error tone was played and the response was recorded. Participants in the PP group were instructed to close their eyes and physically press the buttons that were cued auditorily. If participants in the PP group did not respond to the cues during the training blocks, an auditory error tone was played. If participants in the PP group made an incorrect response to the cues during the training blocks, no tone was played to mimic the lack of explicit feedback associated with MI. Each individual keypress event (i.e., one imagined or physical button press) lasted 1.5 s based on the time separating consecutive auditory cues. Each training block consisted of 250 keypresses, with a 5-min rest block provided between each. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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A repeating sequence was embedded within the training blocks (Goschke & Bolte, 2012) consisting of 10 digits (constrained such that no two consecutive digits repeated) unique to each participant. The implicit sequence repeated 20 times during each block, thus constituting 80% of the total keypressing events. Repeating sequences were interspersed with five random 10-digit sequences constituting the remaining 20% of keypressing events. The placement of the implicit sequences within each block was randomized, in that the order the implicit and random sequences appeared to each participant varied. Participants were not informed that there was a repeating sequence in the task and were simply instructed to respond to each auditory event consistent with their group assignment.
Experimental Procedures
Participants in the MI group first completed the Kinesthetic and Visual Imagery Questionnaire (KVIQ; Malouin et al., 2007) to establish their ability to perform MI prior to the MI-based training. Ability to perform MI was based on achieving a score on the KVIQ within the range previously reported for healthy control subjects (Malouin et al., 2007) . The KVIQ is an assessment of imagery ability that involves the performance of five body movements, followed by imagery of these movements. The KVIQ has high internal reliability and validity in both healthy controls and clinical populations (Malouin et al., 2007) . Participants in the MI group then completed a familiarization block. During this familiarization block, participants listened to an audio recording describing the type of MI to be performed (kinaesthetic), and the task to be performed/imagined. Kinaesthetic MI involves imagining the motor task from the first-person perspective, and encompasses sensory aspects of the movement such as the feel and timing of the movement. Kinaesthetic MI was selected for use in the study as this type of MI is suggested for use in tasks involving motor control as opposed to tasks involving judgments and/or those that focus on position and/or form, as these latter tasks are best subserved by visual imagery (Féry, 2003) . Moreover, kinaesthetic MI has been proposed to better facilitate basic motor skill learning (Stinear, Byblow, Steyvers, Levin, & Swinnen, 2006) . In addition to instructions related to imagining the physical movement (i.e., the button presses), the audio recording also emphasized the poly sensory aspects of MI, directing the participants to attend to sensory information related to task performance such as the feel of the structure or temperature of the object to be interacted with, as well as the feel of the movement being made, all of which has been shown to facilitate MI performance (Braun et al., 2008) . For this study specifically, examples of the script provided to participants included that they should think about "how each button feels as [they] press it" and "how long each movement takes." Participants in the PP group did not complete the KVIQ or the familiarization block.
To detect inappropriate muscle activity during MI-based practice, the electromyogram (EMG) was obtained from the left flexor and extensor muscles of the digits (anterior and posterior aspects of the forearm respectively) of participants in the MI group only. The EMG signal was acquired using self-adhering electrodes (1 ϫ 3 cm; Q-Trace Gold; Kendall-Ltp, Mansfield, MA) in a bipolar configuration with a 1 cm interelectrode distance, sampled at 1,000 Hz with a bandpass of 25-100 Hz (1902 and Power 1401; Cambridge Electronics Design, Cambridge, UK) and stored for offline analysis.
Immediately following the training, all participants performed two tests to measure performance and infer learning. The first test measured RT in a shortened version of the practiced task, wherein the implicit and random sequences of equal length appeared 10 times each (i.e., a 1:1 ratio) for a total of 200 trials. The order that the sequences appeared was again randomized. Conditions were the same as those in the training blocks, except that participants in both the MI and PP groups were instructed to respond as quickly as possible by physically pressing the indicated key. In this test block, each cue was presented immediately following the previous response and an auditory error tone was played if participants provided an incorrect response (e.g., pressed the 4 key when the 2 key was cued). Responses and the corresponding RTs were recorded for offline analysis. As in the training blocks, participants were not informed about the repeating sequence in the task.
The second test was a verbal report, the purpose of which was to determine whether participants were explicitly aware of the repeating sequence. Participants were first informed that the purpose of the training was to teach them a 10-digit sequence. Participants were then asked to respond to the question, "Do you think you learned a sequence during the training blocks"? For a "yes" response, participants were asked if they could report the sequence that they learned (i.e., the 10 consecutive numbers). For a "no" response, participants were also asked if they could report the sequence to further confirm their negative response. Participants were instructed "It was okay if they did not think they learned a sequence".
Data Analysis
Identifying explicit learners. Participants that demonstrated explicit learning were excluded from further analysis, as different processes have been shown to underlie explicit and implicit learning (Keele, Ivry, Mayr, Hazeltine, & Heuer, 2003) . Explicit learning was characterized via the verbal report task as to whether or not participants could correctly identify the sequence (Eimer, Goschke, Schlaghecken, & Stürmer, 1996; Kantak, Mummidisetty, & Stinear, 2012; Rünger & Frensch, 2010) . Specifically, participants that answered "yes" to the question of whether or not they thought they learned a sequence and who correctly reported more than 50% of the sequence (i.e., five consecutive sequence elements), were excluded from further analyses.
Response analysis. Analysis of the responses made during the MI training blocks was performed to identify and remove participants who had actually performed button presses and had thus experienced a degree of PP during the MI-based training. Participants that made responses greater than 2% (20/1,000 responses total) of the time across all training blocks were excluded from further analyses.
EMG analysis. Analysis of the EMG data obtained during MI was performed to further identify and reject participants that demonstrated PP during the MI-based training. Data was first rectified and a low-pass filter of 10 Hz was applied. Similar to the approach of Mochizuki et al. (Mochizuki, Boe, Marlin, & McIlRoy, 2010) , the absence of activity in the left flexor and extensor muscles of the digits during MI was determined by calculating the average amplitude across 15-s envelopes of the EMG signal during each This document is copyrighted by the American Psychological Association or one of its allied publishers.
training block, and comparing each to a 15-s envelope acquired during the familiarization block (during which participants were at rest). The EMG threshold was defined as the average rest amplitude plus 2 standard deviations. Participants were excluded from further analysis if greater than 15% of the comparisons exceeded the threshold. Performance analysis. For the RT task, the first element of each sequence was omitted from analysis as per Wohldmann et al. (2007) because of its role in motor initiation versus motor execution (i.e., the first element of a sequence is a perceptual cue for the movement about to be performed). RTs for trials that occurred before 100 ms and after 1,300 ms were removed from analysis to control for anticipatory and outlier responses (Rüsseler, Hennighausen, & Rösler, 2001 ). RTs for trials in which an incorrect response was provided were also removed from analysis. The RTs for all remaining trials as well as error rates were then averaged for both the implicit and random sequences for each individual. RT differences (dRT) between the implicit and random sequences (average RT random minus average RT implicit) were also calculated.
Group analysis. A 2 (Sequence Type) ϫ 2 (Group) mixed ANOVA was conducted to analyze the effects of sequence type (implicit vs. random) and type of practice (PP vs. MI) on RT. An alpha value of 0.05 was used. To further characterize learning in both the MI and PP groups, effect sizes were computed for both sequence types and the dRT using the corresponding average standard deviation. Throughout, mean values are reported followed by standard deviation.
Results
Using the criteria outlined above, 22 participants were excluded leaving a total of 42 participants in the behavioral analysis (24 and 18 in the MI and PP groups, respectively; Figure 1 ). From the MI group, two participants demonstrated explicit knowledge by accurately reporting more than five consecutive implicit sequence elements on the verbal report task; one participant made 54 buttonpress responses during MI-training; and four participants were excluded because of the presence of muscle activity during the MI training that exceeded our threshold. Of the remaining MI participants, the average number of responses made across all 1,000 of the MI-based training trials was 1.48 Ϯ 2.97. From the PP group, 15 participants demonstrated explicit knowledge by accurately reporting more than five consecutive implicit sequence elements on the verbal report task and were thus excluded from further analyses. A summary of the participants in the study is shown in Figure 1 .
Imagery Ability
For the MI group, the mean scores for visual and kinaesthetic MI were 20.0 Ϯ 4.7 and 19.3 Ϯ 3.6, respectively. Values for visual and kinaesthetic MI were within ranges previously reported for healthy controls (using a test-retest paradigm Malouin et al., 2007 reported values of 18.5 Ϯ 4.3 and 17.7 Ϯ 3.9 and 16.3 Ϯ 4.2 and 16.1 Ϯ 4.4 for visual and kinaesthetic MI, respectively).
RT
For the MI group, mean RT for the implicit and random sequences were 583 Ϯ 84 ms and 632 Ϯ 86 ms, respectively (see Figure 2 ). Mean error rate (%) for the implicit and random sequences were 1.92 Ϯ 2.00 and 2.62 Ϯ 2.68. For the PP group, mean RT for the implicit and random sequences were 532 Ϯ 73 ms and 589 Ϯ 70 ms, respectively (see Figure 2) . Mean error rate for the implicit and random sequences were 3.44 Ϯ 2.01 and 5.33 Ϯ 3.38.
MI Versus PP-Based Training
Overall, there was a significant main effect of sequence type, F(1, 40) ϭ 47.58, p Ͻ .001, where RTs were significantly faster to implicit sequence numbers than to random numbers. Although there was no significant main effect of group detected, F(1, 40) ϭ 3.97, p ϭ .053, the results were trending in this direction (further Figure 1 . Summary of participant inclusion and exclusion. Following physical practice (PP) or motor imagery (MI)-based training of the implicit sequence paradigm, participants were excluded from the final analyses using these criteria: (a) demonstrating explicit knowledge, (b) execution of button-press responses (MI group only), or (c) presence of electromyogram (EMG) activity exceeding threshold during MI. As depicted in the figure, a total of seven participants were excluded from the MI group, and a total of 15 participants from the PP group. This document is copyrighted by the American Psychological Association or one of its allied publishers.
detailed below). There was no significant interaction between sequence type and group, F(1, 40) ϭ 0.239, p ϭ .628.
Comparison of the RTs for the implicit and random sequences within each group resulted in an effect size of 0.59 and 0.80 for the MI and PP groups, respectively. Following the trend of the ANOVA results, the magnitude of difference observed in effect size for the MI and PP groups indicates the presence of a group effect (Kelley & Preacher, 2012) . In fact, participants in the PP group had faster RTs to both implicit sequence and random numbers compared to participants in the MI group (see Figure 2) , as a group difference for RTs of the implicit sequence was observed with an effect size of 0.645 (see Figure 3) . A comparison of random sequence RTs between groups yielded an effect size of 0.551. Lastly, the dRT (random minus implicit) was calculated across groups and no difference was observed between the MI and PP groups (d ϭ 0.152; Figure 3 ).
Discussion
The primary objective of this study was to examine the efficacy of MI for motor skill acquisition with no associated PP. A secondary objective was to characterize the effectiveness of MI-based practice relative to PP, the gold standard for skill acquisition. Following MI-based practice, RTs were decreased for the implicit compared to random sequences. Thus, motor skill acquisition was facilitated via MI in the absence of PP. Compared to MI-based practice, RTs for implicit and random sequences were decreased following PP. Thus, although MI-based practice alone was sufficient to produce some degree of motor learning, it was inferior to PP. However, this finding needs to be interpreted in the context of the type of learning examined. Below we discuss these findings and their implications for the use of MI in skill acquisition.
MI-Based Skill Acquisition
Acquisition of a motor skill is associated with refining a motor plan through repetitive practice coupled with feedback (Newell, 1991) . Specifically, the sensorimotor system uses sensory feedback to identify errors in performance through comparison of reafference (i.e., response-produced feedback) relative to a forward model guided by an efference copy (i.e., predicted sensory consequences; Therrien & Bastian, 2015) . As MI is typically performed following PP, it is unknown if the subsequent MI simply reinforces the motor plan that is generated through the prior physical exposure. Interestingly, although previous research has demonstrated that MI can improve motor performance in conjunction with PP for established tasks (i.e., those tasks that a participant is already familiar with, such as a high-jumper performing MI of a high jump; Olsson, Jonsson, & Nyberg, 2008) as well as those that are novel to the participant (for review, see Malouin et al., 2013) , it is thought that MI does not generate the feedback necessary to update the motor plan based on an error detection and correction mechanism (Annett, 1995) . This lack of feedback during MI may provide an explanation for why PP remains the gold standard for motor learning, and why it may be necessary to couple MI with PP to facilitate learning.
Interestingly, research indicates that MI-related brain activity parallels that of PP (Hétu et al., 2013) , including cerebellar activation that underlies error detection/correction (Lacourse, Orr, Cramer, & Cohen, 2005) . Thus, MI may be able to both generate and update these motor representations independent of PP. Without a way to objectify errors made during MI in the current paradigm however, whether MI may have its own mechanism of error detection/correction remains unknown. Here we show that MI-based skill acquisition occurs without prior PP, suggesting that the motor plan necessary to execute a skill can be generated and strengthened independent of PP.
MI Versus PP
The effectiveness of MI-based practice was characterized by evaluating MI-based results in the context of PP-based performance. Importantly, the magnitude of the dRT did not differ Figure 3 . Effect sizes for a between-groups comparison of the reaction time (RT) difference between sequence types, RTs of the implicit sequence, and RTs of random sequences. The magnitude of the difference between RTs of the implicit and random sequences did not differ between groups. In comparison with motor imagery, RTs for both sequence types were faster following physical practice. Figure 2 . Group averaged reaction times (RTs) across sequence types (error bars depict 95% confidence intervals). RTs of the implicit sequence were faster than RTs of random sequences (p Ͻ .05) for both the motor imagery and physical practice groups. RTs for both sequence types were faster following physical practice in comparison with motor imagery (p Ͻ .05).
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between groups (see Figure 3) . Thus, it is suggested that MI and PP are equally effective in facilitating ISL. However, overall RTs were faster in the PP group, as demonstrated by decreased RTs of the implicit and random sequences relative to RTs for the MI group. Though not statistically significant, the RTs of the random sequences between groups differed as evidenced by effect size (Kelley & Preacher, 2012) . The finding of decreased RTs for both sequence types suggest that PP resulted in a generalized practice effect (Deroost & Soetens, 2004; Kim, Johnson, Gillespie, & Seidler, 2014; Meehan, Randhawa, Wessel, & Boyd, 2011) . Thus, it is suggested that beyond ISL, PP is more effective as a modality for skill acquisition due to the associated error detection and correction mechanism, and support is provided for PP as the primary mode of motor learning relative to MI. The observation of a main effect for sequence type (implicit vs. random) and group (MI vs. PP) suggest that there may be different mechanisms underlying the type of learning that occurred via the two forms of practice. It is well established that ISL (and learning in general) has both perceptual and motor components (Rosenbaum, Carlson, & Gilmore, 2001; Willingham, Nissen, & Bullemer, 1989) . Consistent with the paradigm used, we assume that successful learning of the ISL task involved both components (Willingham et al., 1989) . Specifically, participants needed to map perceptual cues to the appropriate motor response, thus necessitating what we more generally refer to as perceptual-motor learning. Interestingly, implicit perceptual learning has been demonstrated to occur independent of motor practice (Gheysen, Gevers, De Schutter, Van Waelvelde, & Fias, 2009; Remillard, 2003) . For example, Gheysen et al. (2009) demonstrated implicit perceptual learning of a color sequence using a color matching task, where the order of each colors presented corresponded to its position in the sequence, that did not involve a motor sequence. As such, it is possible that ISL in the MI group may have been facilitated by perceptual learning to a greater extent than in the PP group.
However, although few studies have directly compared perceptual to motor ISL (Deroost & Soetens, 2004; Dirnberger & NovakKnollmueller, 2013; Gheysen et al., 2009; Gheysen, Van Opstal, Roggeman, Van Waelvelde, & Fias, 2011) , it is thought that perceptual compared to motor ISL occurs more slowly and dRTs increase with more training (Dirnberger & Novak-Knollmueller, 2013; Gheysen et al., 2011) . In contrast to these findings, the present results show similar magnitudes of dRTs between the MI and PP groups and thus we speculate that MI-based practice did not result in purely perceptual learning. As discussed above, the generalized practice effect observed in the PP group likely demonstrates greater reliance on motor versus perceptual learning processes. Interestingly, while activation patterns between MI and PP largely overlap, MI is associated with more widespread activation in comparison to PP (Hétu et al., 2013; Kraeutner et al., .2014) , with increased activity observed in parietal and premotor regions during MI versus PP (Burianová et al., 2013) . These differences in brain activation may further suggest disparity in the mechanisms that underlie MI and PP. However, as we used an ISL task to address the challenge of eliminating PP effects in MI-based learning, the perceptual versus motor components cannot be elucidated. Future work should investigate the role of the perceptual and motor systems in MI-based learning.
Transfer Effects
Although MI is a useful adjunct to PP in skill acquisition, it remains unknown how MI-based learning of an implicit perceptual-motor skill will transfer to motor skill learning in other domains. Although the task used in the current study was well-suited for the investigation of MI-based learning in the absence of PP, its simplicity limits our understanding of how these results translate to more complex tasks. Sequence learning is however recognized as a critical aspect of human behavior. As indicated previously, similar improvements in performance have been demonstrated following MI-based training (albeit with prior PP) relative to PP in tasks of greater complexity (e.g., a golf bunker shot; Smith, Wright, & Cantwell, 2008) . This past evidence suggests that MI may well be as effective as PP for sequence learning of more complex tasks. Further, it is well established that implicit learning is critical for motor skill acquisition (Orrell, Eves, Masters, & Macmahon, 2007; Rosenbaum et al., 2001; Willingham et al., 1989) , as some components of a motor skill cannot be verbalized (Rosenbaum et al., 2001) . Indeed, the present results lead us to a more general question regarding the nature of MI-based learning. Imagery of motor sequences may only consolidate the internal motor representation of the skill (i.e., the part that cannot be verbalized), and therefore MI has little impact on the actual execution component of a skill. Perhaps the explanation for the generalized practice effect observed for the PP group in the current results is thus also attributable to the nature of MI-based learning. As implicit learning is implicated in acquiring motor skills in nondisabled individuals (Rosenbaum et al., 2001) and following neurological injury (e.g., poststroke; Boyd & Winstein, 2001; Boyd & Winstein, 2004; Orrell et al., 2007; Siengsukon & Boyd, 2009) , MI-based practice that leads to learning of the implicit components of motor skills may have useful applications in rehabilitation and beyond. Future work should investigate transfer effects associated with MI-based practice.
Explicit Learning
Given that sequence learning can be both explicit and implicit, the removal of participants with explicit knowledge of the embedded sequences allowed for control of confounds introduced by explicit learning and ensured investigation of the implicit aspect of the learning that occurred. Previous research indicates that implicit knowledge is associated with skilled performance, as explicit knowledge is critical in learning involving higher levels of cognition (Suna, Merrill, & Peterson, 2001; Sun & Zhang, 2004) , and relies on a different underlying neural network (Eimer et al., 1996; Keele et al., 2003; Yang & Li, 2012) . Interestingly, more participants from the PP group (n ϭ 15) demonstrated explicit knowledge compared to those in the MI group (n ϭ 2). This finding is likely attributable to the longer response-stimulus interval (i.e., the duration of time between each presented cue) used (1.5 s) to allow for imagination of the movements to occur. Previous research indicates that only explicit learning improves with increasing response-stimulus intervals (Destrebecqz & Cleeremans, 2001 ). To match the training conditions across groups, we did not shorten this interval in the PP group. Thus it follows that more participants were excluded for explicit knowledge of the implicit sequence in the PP versus MI group. This document is copyrighted by the American Psychological Association or one of its allied publishers.
EMG Monitoring
It has been previously shown that brain activation patterns differ when MI trials with muscle activity are eliminated from analysis (Kraeutner et al., 2014) . Surprisingly, a meta-analysis of neuroimaging studies (Hétu et al., 2013) noted that only two of 75 studies utilized EMG in addition to visual monitoring to control for muscle activity during MI. It follows then that MI-based learning may be driven in part by actual movement that goes unnoticed to the observer (Kraeutner et al., 2014) . Excluding participants in whom muscle activity (measured via EMG) exceeded a particular threshold allowed us to control for this confound and conclude that learning indeed resulted from MI-based practice.
Limitations
To mitigate potential confounds associated with prior exposure to the experimental task we did not include a baseline assessment of RT for either the MI or PP group. Not including a baseline assessment of RT introduces a study limitation in that we could not establish the absence of preexisting group differences in RT. Knowing this limitation a priori, we attempted to control the potential for a group difference in RT in two ways. First, participants were randomly placed into either the MI or PP group, and thus, although the possibility of preexisting group differences cannot be completely eliminated, the use of random assignment greatly reduces the likelihood. Second, the participants included in the study were all within an age range that demonstrate similar RTs to previous ISL and/or simple RT tasks (Anstey, Dear, Christensen, & Jorm, 2005) . Although minimal differences in simple RT have been demonstrated between a cohort of adults between the ages of 40 -44 and 20 -24, latencies in simple RT are generally associated with adults over the age of 60 (Anstey et al., 2005; Kray & Lindenberger, 2000) . As participants in the current study were on average aged 22.1 Ϯ 5.3 years, with only two participants over the age of 40 (aged 41 and 47, one each in the MI and PP groups), the possibility of any such preexisting group differences that may have influenced RT is unlikely.
A second limitation of the study relates to whether or not participants performed MI as instructed throughout the study, as no manipulation checks were included to probe the type of MI used or the degree to which participants adhered to the use of MI during the study. As indicated previously, the concealed nature of MI precludes the ability to definitively conclude whether a participant is performing MI as instructed. As such it is critical to be able to measure MI performance based on objective measures. While we were able to show behavioral changes driven by MI through assessment using an MI-based ISL task, we acknowledge the possibility that the observed behavioral changes could have been driven by an alternative imaging strategy used by the participants. To minimize the possibility of alternative imaging strategies being used by participants, we provided a familiarization session to orient the participant to the type of MI to be performed, as well as thorough instructions that were consistent across participants.
Conclusions
MI is a form of practice used to facilitate skill acquisition by driving plastic changes in the brain akin to those produced by PP (Jeannerod, 1995; Wulf et al., 2010 ), yet it is unknown whether MI requires prior PP of the skill to allow for MI-based learning to occur. By addressing challenges associated with typical MI training paradigms and rigorously monitoring muscle activity during training, the current study demonstrates skill acquisition resulting from MI-based practice alone. This research also characterizes the effectiveness of MI-based practice by directly comparing MIbased performance outcomes to those resulting from PP. MI-based practice was shown to be as effective as PP in facilitating acquisition of an implicit perceptual-motor skill, yet inferior to PP for skill acquisition as PP further resulted in generalized motor practice effects. Ultimately, this work further informs applications of MI in motor skill acquisition. Future work should investigate perceptual versus motor components of MI-based practice, as well as the nature of learning promoted via MI.
